INTRODUCTION {#Sec1}
============

The repair of double-strand breaks (DSBs) by homologous recombination (HR) has been established as an important barrier to the development of cancer. The two most prominent members of this family of tumor suppressor genes, *BRCA1* and *BRCA2*, encode proteins that have been linked to breast, ovarian, and pancreatic cancer through inherited loss-of-function variants. Inherited pathogenic variants in the *PALB2* gene that inactivate the PALB2 protein have also been associated with high risk of breast cancer and pancreatic cancer, whereas further studies are needed to establish the relevance to ovarian cancer.^[@CR1]--[@CR4]^ PALB2 loss-of-function variants are associated with lifetime risks of breast cancer of 24% to 54%, depending on the extent of family history of breast cancer.^[@CR5]^ In addition, biallelic loss-of-function variants in *PALB2* result in Fanconi anemia.^[@CR6]^ A number of studies have also analyzed the occurrence of germline *PALB2* loss-of-function variants in breast cancer and estimated frequencies ranging from 0.6% to 3.9% in population-based breast cancer cases and high-risk breast cancer families, respectively.^[@CR1],[@CR7]^

*PALB2* encodes an 1186--amino acid residue protein with an amino terminal coiled-coil domain, central chromatin-associated motif, and C-terminal WD40 repeats.^[@CR8]^ PALB2 is an important interaction partner of both BRCA1 and BRCA2 that is also required for HR repair of DSBs. BRCA1 interacts with the coiled-coil motif at the N-terminus of PALB2,^[@CR9]^ whereas binding of BRCA2 has been mapped to WD40 repeats at the C-terminus of PALB2.^[@CR10]^ Through interactions with RAD51^[@CR11]--[@CR13]^ PALB2 stimulates RAD51-mediated HR. Disruption of the PALB2-RAD51 interaction through deleterious variants leads to functional defects in HR repair.^[@CR11],[@CR14],[@CR15]^

While protein-truncating variants clearly abrogate PALB2 function and lead to increased cancer risk, much less is known about the contribution of missense variants of uncertain significance (VUS) to cancer development. Many unique *PALB2* VUS have been identified by germline and somatic clinical and research testing of cancer patients and tumors. Many of these are reported in the PALB2 Leiden Open Variation Database (LOVD) (<https://databases.lovd.nl/shared/variants/PALB2/unique>) and in ClinVar (<https://www.ncbi.nlm.nih.gov/clinvar/>). Currently, only missense variants in the PALB2 start codon have been classified as pathogenic or likely pathogenic by clinical testing laboratories (<https://www.ncbi.nlm.nih.gov/clinvar/>). In addition, the p.L35P variant has been shown to disrupt the HR activity of PALB2, confer sensitivity to platinum agents and poly(ADP-ribose) polymerase (PARP) inhibitors, and to segregate with breast cancer in a family with a history of the disease.^[@CR15]^ The rest of the identified *PALB2* missense variants remain unclassified. In this study, we evaluated the influence of 84 patient-derived missense variants on PALB2 function using a cellular reporter assay for HR repair of DSBs. We identified three new missense variants that disrupted HR repair, conferred sensitivity to DNA damaging agents, inhibited formation of RAD51 foci in response to DNA damage, and displayed altered cellular localization.

MATERIALS AND METHODS {#Sec2}
=====================

Cell lines and culture {#Sec3}
----------------------

The U2OS osteosarcoma (HTB-96) from ATCC was maintained in McCoy\'s 5A supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin (P/S). HEK293T and HeLa cells were maintained in Dulbecco's Modified Eagle\'s Medium (DMEM) with 10% FBS and 1% P/S. The mouse mammary tumor cell line B400 (*Palb2*-/-;*Trp53*-/-) was previously described.^[@CR16]^ Cells were grown in DMEM/F-12 media supplemented with 5 µg/ml insulin, 5 ng/ml EGF, 5 ng/ml cholera toxin, 10% FBS, and antibiotics. Cell lines were grown at 37 °C in a humidified incubator with 5% CO~2~ and routinely tested for mycoplasma.

Homology directed repair (HDR) assay {#Sec4}
------------------------------------

Each variant was introduced into a HA-FLAG-tagged full-length *PALB2* complementary DNA (cDNA) expression in the pOZC plasmid by site-directed mutagenesis using pfu turbo. Variants were verified by Sanger sequencing. Cotransfection of *PALB2* expression constructs and the I-SceI expression plasmid into B400/DR-GFP reporter cells was performed at a 5:1 molar ratio using Xtremegene 9 transfection reagent (Roche). At least two independent clones containing each variant were analyzed in duplicate. PALB2 expression and transfection efficiency was verified by western blotting. Green fluorescence protein (GFP) expressing cells were quantified by fluorescence-activated cell sorting. Fold increases in GFP-positive cells, which are equivalent to HDR fold change, were normalized and rescaled relative to a 1:5 ratio derived from the p.Y551X pathogenic variant control and the wild-type PALB2 control.

Cas9/mClover-LMNA HDR assay {#Sec5}
---------------------------

The CRISPR Clover-LMNA HDR assay was adapted from refs. [@CR17] and [@CR18]. U2OS cells were seeded and transfected with siCtrl or PALB2 small interfering RNA (siRNA) (Supplementary [Information](#MOESM1){ref-type="media"}) for a final concentration of 50 nM, using Lipofectamine RNAiMAX (Invitrogen). Twenty-four hours post-transfection, 1 × 10^6^ cells were retransfected with 1 μg of pCR2.1-CloverLMNAdonor, 1 μg pX330-LMNAgRNA1, 1 μg pcDNA3 empty vector or the indicated siRNA-resistant flag-tagged PALB2 construct (Supplementary [Information](#MOESM1){ref-type="media"}), 0.1 g of piRFP670-N1 (used as transfection control), and 200 pmol of siRNA using the 4D-Nucleofector X (Lonza).^[@CR19]^ After 48 hours, cells were replated on glass coverslips, fixed with 4% paraformaldehyde, and expression of mClover-LMNA (indicative of successful HDR) was assayed by fluorescence microscopy. Data represent the mean percentages (± SEM) of mClover-LMNA--positive cells over the iRFP670-positive population from five independent experiments (total *n* \> 500 iRFP-positive cells/condition).

Mammalian two-hybrid assay {#Sec6}
--------------------------

A Gal4 DNA-binding domain (DBD) and BRCA1 wild-type (aa residues 1315--1863) fusion construct (GAL4DBD-BRCA1),^[@CR20]^ and a GAL4DBD-BRCA2 wild-type (aa residues 1--60) construct^[@CR10]^ were previously generated. VP16 AD-PALB2 N-terminal wild-type (aa residues 1--319) and VP16 AD-PALB2 C-terminal wild-type (aa 859--1186) constructs were generated^[@CR20]^ and PALB2 variants were introduced into the wild-type constructs using the QuickChange II Site-Directed Mutagenesis Kit (Agilent, Santa Clara, CA, USA). All generated constructs were confirmed by sequencing. Mammalian two-hybrid assays were conducted using the Dual-Luciferase Reporter Assay System (Promega, Madison, WI, USA). PALB2 N- or C-terminal constructs (wild-type or variants) were cotransfected into HEK293FT cells with GAL4DBD-BRCA1 or BRCA2 wild-type constructs, the pG5Luc reporter vector, and a pGR-TK internal control and luciferase activity was measured. These cells were not silenced for endogenous *PALB2*. PALB2-L21A and A1025R variants were used as negative controls.^[@CR14],[@CR21]^ The statistical significance of effects on binding relative to WT-PALB2 was determined using a one-way analysis of variance (ANOVA) test.

Protein coimmunoprecipitation {#Sec7}
-----------------------------

Each variant was expressed in nonsilenced HEK293T cells using the HA-FLAG-tagged full-length *PALB2* pOZC plasmid. After 48 hours the cells were exposed to 5 Gy ionizing radiation. Cells were lysed in NETN buffer containing 50 mM Tris-HCl, 0.5% NP-40, 5 mM EDTA, and 300 mM NaCl after 5 hours. Lysates were incubated overnight at 4 °C with anti-FLAG M2 magnetic beads (Sigma). Beads were washed with NETN buffer and boiled in Laemli sample and supernatants were separated by sodium dodecyl sulfate--polyacrylamide gel electrophoresis (SDS-PAGE). Western blotting was performed with antibodies against human BRCA1 (EMD-Millipore), BRCA2 (Couch Lab), HA (Covance), PALB2 (Bethyl), and RAD51 (Cell Signaling).

Protein half-life {#Sec8}
-----------------

HEK293T cells transfected with PALB2 constructs were treated with 40 µg/mL cyclohexamide for 0 to 180 minutes. Cells were snap frozen and lysed with NETN buffer containing 50 mM Tris-HCl, 0.5% NP-40, 5 mM EDTA, and 300 mM NaCl. Lysates were separated by SDS-PAGE and western blotted using anti-HA (Covance) and tubulin (Sigma) (loading control) antibodies. Images were visualized on an Odyssey Fc system (LiCOR) and quantitated using Image Studio software to determine rates of protein degradation relative to control.

Immunofluorescence {#Sec9}
------------------

Live cell imaging and microirradiation studies of HeLa cells transfected with peYFP-C1-PALB2 WT or variant constructs were carried out with a Leica TCS SP5 II confocal microscope. To monitor the recruitment of YFP-PALB2 to laser-induced DNA damage sites, cells were microirradiated in the nucleus for 200 ms using a 405-nm ultraviolet (UV) laser and imaged every 30 seconds for 15 minutes. Fluorescence intensity of YFP-PALB2 at DNA damage sites relative to an unirradiated nuclear area was quantified (Supplemental [Materials](#MOESM1){ref-type="media"}). Cyclin A--positive HeLa cells treated with siCtrl and siRNA against PALB2 were complemented with wild-type and mutant FLAG-tagged PALB2 expression constructs, exposed to 2 Gy of γ-IR, incubated for 6 hours, and subjected to immunofluorescence for RAD51 foci. HeLa cells were fixed with 4% (w/v) paraformaldehyde for 10 minutes at room temperature, washed with tris-buffered saline (TBS), and fixed again with ice-cold methanol for 5 minutes at −20 °C. Cells were incubated for 1 hour at room temperature with the anti-RAD51 (1:7000, B-bridge International, 70-001) and anticyclin A (1:400, BD Biosciences, 611268), and incubated for 1 hour at room temperature with the Alexa Fluor 568 goat antirabbit (Invitrogen, A-11011) and Alexa Fluor 647 goat antimouse (Invitrogen, A-21235) secondary antibodies. Z-stack images were acquired on a Leica CTR 6000 microscope and the number of RAD51 foci per cyclin A--positive cells expressing the indicated YFP-PALB2 constructs was scored with Volocity software v6.0.1 (Perkin--Elmer Improvision). Results represent the mean (± SD) of three independent trials (*n* = 50 cells per condition). HEK293T cells transfected with PALB2 expression constructs were also subjected to immunofluorescence for PALB2 using the monoclonal anti-FLAG M2 antibody (Sigma) and the Alexa Fluor 568 goat antimouse (Life Technologies) secondary antibody.

Viability assay {#Sec10}
---------------

PALB2 variants were introduced into B400 cells using mCherry-pOZC expression vector and flow cytometry for Cherry-red was performed to select for cells expressing PALB2. Sorted cells were plated in 96-well plates and exposed to increasing amounts of Olaparib or cisplatin and incubated for a period of 5 days. Presto Blue (Invitrogen) was added and incubated for 1--2 hours before measuring fluorescence intensity on a Cytation 3 microplate reader (BioTek).

RESULTS {#Sec11}
=======

Selection of PALB2 variants for functional studies {#Sec12}
--------------------------------------------------

Missense variants throughout PALB2 have been identified in individuals with breast and other cancers. Here we took a systematic approach to understand the influence of patient-derived PALB2 missense variants on its function. A total of 84 PALB2 patient-derived missense variants reported in ClinVar, COSMIC, and the PALB2 LOVD database were selected based on the probability of pathogenicity score predicted using the VEST3.0 in silico prediction model (<http://jhu.technologypublisher.com/technology/24805>) (Table [1](#Tab1){ref-type="table"}) (40 of 84 with rankscore probabilities of being deleterious \>0.70 and 44 of 84 with rankscore \<0.70)^[@CR22]^ (Table [1](#Tab1){ref-type="table"}). In contrast, the M-CAP^[@CR23]^ in silico prediction model, which has recently been recommended for variant prioritization,^[@CR24]^ identified 14 variants with probabilities \>0.70, whereas the REVEL^[@CR25]^ predictor identified 21 variants with probabilities \>0.70 (Table [1](#Tab1){ref-type="table"}). Only ten variants had probabilities \>0.70 for all three models. In addition, seven pathogenic variants that truncate the PALB2 protein at various positions were selected as a series of loss-of-function (negative) controls.Table 1Homology directed repair activity and predicted deleterious effects of 84 PALB2 VUSHGVS cDNAHGVS protein1 letter codeHDR fold changeSEVEST3^a^M-CAP^a^REVEL^a^c.3306C\>Gp.Ser1102ArgS1102R7.70.150.580.400.45c.3307G\>Ap.Val1103MetV1103M7.70.150.270.180.19c.3449T\>Gp.Leu1150ArgL1150R7.50.610.710.570.62c.1145G\>Tp.Ser382IleS382I7.30.080.390.310.07c.1250C\>Ap.Ser417TyrS417Y7.20.010.940.570.65c.23C\>Tp.Pro8LeuP8L7.10.430.050.310.16c.2200A\>Tp.Thr734SerT734S6.90.350.530.540.46c.232G\>Ap.Val78IleV78I6.60.800.290.350.00c.3428T\>Cp.Leu1143ProL1143P6.60.050.830.390.56c.629C\>Tp.Pro210LeuP210L6.51.550.21--0.28c.2590C\>Tp.Pro864SerP864S6.40.960.320.210.18c.3056T\>Cp.Val1019AlaV1019A6.40.450.650.580.57c.2873A\>Cp.Gln958ProQ958P6.21.390.840.690.56c.2993G\>Ap.Gly998GluG998E6.00.130.44--0.61c.26T\>Ap.Leu9HisL9H5.80.100.700.700.45c.925A\>Gp.Ile309ValI309V5.81.150.01--0.08c.2597G\>Tp.Gly866ValG866V5.60.160.420.650.37c.1846G\>Cp.Asp616HisD616H5.40.130.620.340.68c.1010T\>Cp.Leu337SerL337S5.30.460.50--0.11c.2148T\>Ap.Asn716LysN716K5.30.840.070.300.06c.3433G\>Cp.Gly1145ArgG1145R5.20.700.860.690.58c.1732A\>Gp.Ser578GlyS578G5.20.330.030.170.10c.3179G\>Cp.Cys1060SerC1060S5.20.100.900.510.77c.1189A\>Tp.Thr397SerT397S5.20.390.670.550.63c.3296C\>Gp.Thr1099ArgT1099R5.11.000.820.360.51c.1421G\>Ap.Ser474AsnS474N5.10.700.040.200.03c.3249G\>Cp.Glu1083AspE1083D5.10.560.350.270.24c.1676A\>Gp.Gln559ArgQ559R5.01.210.00--0.05c.3492G\>Tp.Trp1164CysW1164C5.00.320.870.770.74c.101G\>Ap.Arg34HisR34H5.00.580.550.500.38c.2792T\>Cp.Leu931ProL931P5.01.010.930.800.77c.3307G\>Cp.Val1103LeuV1103L5.00.150.350.220.08c.1238C\>Ap.Thr413LysT413K5.00.080.840.620.74c.2807T\>Cp.Leu936SerL936S5.00.600.830.620.76c.3500C\>Tp.Thr1167IleT1167I4.90.100.540.440.37c.1190C\>Tp.Thr397IleT397I4.90.320.860.610.73c.1222T\>Cp.Tyr408HisY408H4.90.270.810.630.68c.2234A\>Gp.Lys745GluK745E4.90.570.130.190.02c.3128G\>Cp.Gly1043AlaG1043A4.90.490.730.370.59c.100C\>Tp.Arg34CysR34C4.90.040.630.490.48c.3404G\>Ap.Gly1135GluG1135E4.90.080.930.790.76c.3356T\>Cp.Leu1119ProL1119P4.90.010.880.810.76c.3342G\>Cp.Glu1114HisQ1114H4.90.710.250.160.20c.2794G\>Ap.Val932MetV932M4.90.440.57--0.36c.3494C\>Tp.Ser1165LeuS1165L4.90.930.840.740.69c.3418T\>Gp.Trp1140GlyW1140G4.90.290.860.820.82c.3520G\>Ap.Gly1174ArgG1147R4.80.670.920.710.74c.83A\>Gp.Tyr28CysY28C4.80.24c.2816T\>Gp.Leu939TrpL939W4.80.790.910.680.68c.2755G\>Ap.Val919IleV919I4.80.230.230.290.19c.1600T\>Gp.Ser534AlaS534A4.70.110.110.360.04c.956C\>Ap.Ser319TyrS319Y4.70.060.220.410.11c.3262C\>Tp.Pro1088SerP1088S4.70.920.690.250.55c.3508C\>Tp.His1170TyrH1170Y4.70.100.410.160.36c.3132A\>Cp.Gln1044HisQ1044H4.70.100.680.540.53c.109C\>Tp.Arg37CysR37C4.70.320.72--0.60c.505C\>Ap.Leu169IleL169I4.70.130.280.440.19c.90G\>Tp.Lys30AsnK30N4.60.320.290.430.26c.3320T\>Cp.Leu1107ProL1107P4.60.570.520.220.24c.2852C\>Tp.Ser951PheS951F4.60.570.380.610.25c.2289G\>Cp.Leu763PheL763F4.60.090.190.520.22c.2612A\>Gp.Asp871GlyD871G4.50.160.760.640.80c.109C\>Ap.Arg37SerR37S4.50.230.84--0.48c.2014G\>Cp.Glu672GlnE672Q4.40.390.04--0.07c.1847A\>Gp.Asp616GlyD616G4.40.090.550.560.61c.3191A\>Gp.Tyr1064CysY1064C4.40.020.810.670.75c.398C\>Gp.Ser133ThrS133T4.40.210.020.390.24c.2810G\>Ap.Gly937GluG937E4.40.020.820.630.73c.110G\>Ap.Arg37HisR37H4.10.560.660.590.42c.3278T\>Cp.Ile1093ThrI1093T4.00.160.780.480.52c.3061G\>Ap.Gly1021ArgG1021R4.00.070.830.680.76c.1226A\>Gp.Tyr409CysY409C4.00.320.890.610.75c.2840T\>Cp.Leu947SerL947S4.00.100.840.750.70c.3073G\>Ap.Ala1025ThrA1025T3.90.040.500.430.36c.2798G\>Ap.Cys933TyrC933Y3.80.180.910.690.77c.2841G\>Tp.Leu947PheL947F3.70.130.720.700.66c.2792T\>Gp.Leu931ArgL931R3.60.110.900.690.83c.3539T\>Cp.Ile1180ThrI1180T3.60.010.840.600.66c.899C\>Tp.Thr300IleT300I3.60.280.080.290.15c.3089C\>Tp.Thr1030IleT1030I3.00.320.800.680.74c.3549C\>Ap.Tyr1183TerY1183X2.40.22c.3209T\>Cp.Leu1070ProL1070P1.70.840.950.810.76c.71T\>Cp.Leu24SerL24S1.70.340.780.750.43c.2831T\>Ap.Ile944AsnI944N1.50.160.740.750.75c.1653T\>Ap.Tyr551terY551X1.00.00c.751C\>Tp.Gln251TerQ251X0.80.13c.104T\>Cp.Leu35ProL35P0.80.140.880.770.68c.2145_2146delTp.Asp715Glufs\*2D715E fs0.60.07c.3497delGp.Gly1166Valfs\*25G1166V f0.60.15c.3362delGp.Gly1121Valfs\*3G1121V f0.50.05c.3323delAp.Tyr1108Serfs\*16Y1108S fs0.50.03*cDNA* complementary DNA, *HDR* homology directed repair, *HGVS* Human Genome Variation Society.^a^Rankscore predicted probability of deleterious effects on protein activity between 0 and 1, where 1 indicates a confident prediction of a damaging effect on protein function; HDR fold change scaled 1 to 5 relative to Y551X and wild-type PALB2.

Homology directed repair (HDR) assay {#Sec13}
------------------------------------

The DR-GFP HDR DNA repair reporter assay was used to assess the influence of 84 missense and seven protein-truncating variants on reconstitution of homology directed repair in PALB2-deficient B400 mouse mammary tumor cells.^[@CR16]^ Full-length wild-type (WT) or variant PALB2 constructs were cotransfected with plasmid expressing I-SceI into B400 cells containing a stably integrated DR-GFP reporter construct that contains a GFP gene interrupted by the I-SceI endonuclease site, along with an adjacent inactive GFP gene. Expression of all variants was verified by western blotting (data not shown). Repair of I-SceI induced DSBs by PALB2-dependent HDR yielded GFP-positive cells that were quantified by flow cytometry. Results for individual PALB2 variants were normalized relative to WT-PALB2 and the p.Tyr551ter (p.Y551X) truncating variant on a 1:5 scale with the fold change in GFP-positive cells for WT set at 5.0 and fold change GFP-positive cells for p.Y551X set at 1.0. The p.L24S (c.71T\>C), p.L35P (c.104T\>C), p.I944N (c.2831T\>A), and p.L1070P (c.3209T\>C) variants and all protein-truncating frame-shift and deletion variants tested were deficient in HDR activity, with normalized fold change \<2.0 (approximately 40% activity) (Fig. [1a](#Fig1){ref-type="fig"}). In addition, the p.Y1183X variant that truncates the last three residues of the C-terminal β-propeller domain of PALB2 displayed a normalized fold change in the HR assay of 2.36. All other variants displayed normalized fold change \>2.9. To confirm the influence of the PALB2 variants on HDR activity, all four variants defective in HDR in B400 cells were also evaluated using a CRISPR-LMNA HDR assay.^[@CR19]^ Endogenous PALB2 in U2OS cells was silenced with siRNA and complemented with siRNA-resistant mutant constructs. WT-PALB2 restored 50% of HDR activity, measured as mean relative percentage of mClover-LMNA expressing cells, while none of the four variants missense variants restored more than 5% activity (Figure [S1](#MOESM3){ref-type="media"}). The p.L24S, p.L35P, p.I944N, and p.L1070P variants consistently disrupted PALB2 HDR activity and, therefore, further analysis was focused on these variants.Fig. 1**Homology directed repair assay of PALB2 variants.** (**a**) Plot of all variants assayed in homologous recombination (HR) repair assay. Results for each independent assay are scaled 1--5 relative to the p.Y551X negative control and wild-type PALB2 positive control. Error bars represent the standard error of the mean (SE) of independent replicates. (**b**) Illustration of the PALB2 protein (amino acids 11--1183) showing position of functional domains. Deleterious variants (red) and no functional impact variants (black) are shown as vertical lines above and below the protein. *GFP* green fluorescence protein.

Mammalian two-hybrid assay of BRCA1 and BRCA2 interactions {#Sec14}
----------------------------------------------------------

Variants p.L21A and p.L35P are known to disrupt the interaction between the N-terminus of PALB2 and BRCA1,^[@CR14],[@CR15]^ whereas p.A1025R is known to disrupt the interaction between the C-terminus of PALB2 and BRCA2.^[@CR21]^ These findings provide a possible mechanistic explanation for the HR deficiency associated with PALB2 missense variants located in protein--protein interaction surfaces. On this basis the influence of p.L24S, p.I944N, and p.L1070P on interactions between PALB2 and the BRCA1 and BRCA2 proteins were evaluated using a Dual-Luciferase Reporter mammalian two-hybrid assay in HEK293FT cells. PALB2 p.L21A and p.L35P were used as loss-of-function (negative) controls for BRCA1 and p.A1025R was used as a negative control for the interaction with BRCA2.^[@CR14],[@CR21]^ p.L24S significantly reduced interaction with BRCA1 relative to WT-PALB2 (*p* \< 0.01) similarly to the p.L21A and p.L35P controls (Figure [S2](#MOESM4){ref-type="media"}). In addition p.I944N and p.L1070P significantly disrupted the mammalian two-hybrid interactions (*p* \< 0.0001) between the C-terminus of PALB2 and BRCA2 similarly to p.A1025R (Figure [S2](#MOESM4){ref-type="media"}).

DNA damage-dependent PALB2 protein complexes {#Sec15}
--------------------------------------------

Because the p.L24S, p.I944N, and p.L1070P missense variants influenced HR activity and mammalian two-hybrid assays, coimmunoprecipitation experiments were performed to determine whether these variants also disrupted interactions between full-length PALB2 and the BRCA1 and BRCA2 proteins. HEK293T cells expressing FLAG-HA-PALB2 constructs were exposed to 5 Gy ionizing radiation (IR) and PALB2 proteins were immunoprecipitated from cellular lysates with anti-FLAG beads. Quantitation of western blots for the various proteins suggested that the p.A1025R negative control had reduced ability to form DNA damage-induced complexes with BRCA2 and RAD51, the p.L35P negative control significantly diminished complex formation with BRCA1 and BRCA2, and p.L939W representing variants with no HDR functional impact had no effect on BRCA1, BRCA2, and RAD51 complex formation (Fig. [2a](#Fig2){ref-type="fig"} and Table [S1](#MOESM5){ref-type="media"}). The p.L24S and p.L1070P variants both partially reduced PALB2 complex formation with BRCA1 and BRCA2 (Fig. [2a](#Fig2){ref-type="fig"}). Similarly, normalization of western blot signals for p.I944N to account for low expression levels (Fig. [2](#Fig2){ref-type="fig"} and Table [S1](#MOESM5){ref-type="media"}) showed reduced PALB2 complex formation with BRCA1 and BRCA2.Fig. 2**Influence of PALB2 variants on protein complex formation and protein half-life.** (**a**) Western blot analysis of PALB2-interacting proteins after coimmunoprecipitation of FLAG-tagged PALB2 from HEK293T cells transiently transfected with PALB2 wild-type (WT) and variants. Whole cell lysate (WCL) shows levels of PALB2 expression. (**b**) Western blot analysis of PALB2 protein after indicated periods of incubation in the presence of cycloheximide (CHX) to define protein half-life. (**c**) Quantitation of PALB2 protein half-life using ImageJ at indicated time points.

PALB2 protein stability {#Sec16}
-----------------------

Because the p.I944N mutant exhibited low levels of expression in HEK293T cells, the influence of each variant on protein stability was assessed. HEK293T cells expressing wild-type or variant PALB2 constructs were treated with 40 µg/ml cycloheximide to halt protein synthesis and PALB2 levels were measured over time by western blotting. The protein half-life of WT-PALB2 and the p.A1025R negative control was estimated at 114 minutes and 116 minutes, respectively (Fig. [2b](#Fig2){ref-type="fig"}). In contrast, p.I944N exhibited a half-life of 54 minutes (Fig. [2b, c](#Fig2){ref-type="fig"}). Interestingly, the effect appeared to be cell type--specific because p.I944N was expressed at similar levels as WT-PALB2 in the B400 cells used for the HDR assay (Figure [S1](#MOESM3){ref-type="media"}). In contrast to the p.I944N, the p.L24S (t1/2 = 167 minutes), p.L35P (t1/2 = 172 minutes), and p.L1070P (t1/2 = 167 minutes) mutants displayed increased stability relative to WT-PALB2 (Fig. [2c](#Fig2){ref-type="fig"}).

Cellular localization of PALB2 and assessment of RAD51 foci formation {#Sec17}
---------------------------------------------------------------------

Next, the influence of the variants on cellular localization of PALB2 was assessed. Yellow fluorescence protein (YFP) intensities at sites of laser-induced DNA damage were measured at multiple time points in cells expressing WT and variant forms of YFP-tagged PALB2 to assess rates of PALB2 recruitment to sites of DNA damage. These time course measurements demonstrated considerable recruitment defects with fluorescence intensities that did not exceed 30% of WT level for p.I944N, 50% for p.L24S and p.L35P, and 65% for p.L1070P at 15 minutes postirradiation (Fig. [3a](#Fig3){ref-type="fig"}). In addition, the proportion of cells showing recruitment of p.I944N (35%) and p.L1070P (61%) to DSBs was considerably lower than the approximately 80% of cells expressing WT, p.L24S and p.L35P (Fig. [3b](#Fig3){ref-type="fig"}). Furthermore, WT-PALB2, p.L24S, and p.L35P primarily localized in the nuclei of cells, whereas p.I944N localized primarily in the cytoplasm, and p.L1070P was most often found equally distributed in the nucleus and cytoplasm (Fig. [3c](#Fig3){ref-type="fig"}). Because an inability to form RAD51 foci at the sites of DSBs is a hallmark of HR deficiency, we also evaluated the influence of the PALB2 variants on localization of RAD51 to DNA damage repair foci. Cells expressing YFP-tagged PALB2 constructs were exposed to 2 Gy γ-IR and subjected to immunofluorescence staining for RAD51 and cyclin A to identify G2-phase cells with RAD51 foci. WT-PALB2 was associated with robust formation of damage-induced RAD51 foci, whereas the four variants were associated with defective foci formation (Fig. [3d, e](#Fig3){ref-type="fig"}). The reduced number of RAD51 foci for each variant was consistent with the results from the HR DR-GFP reporter assays.Fig. 3**Influence of** ***PALB2*** **variants on response to DNA damage.** (**a**) Recruitment of full-length yellow fluorescence protein (YFP)-tagged PALB2 (PALB2-YFP) wild-type (WT) and variants to sites of laser-induced double-strand breaks (DSBs) at indicated time points. (**b**) Proportion of cells expressing PALB2 WT and variants with localization of PALB2-YFP to DSBs. (**c**) Nucleocytoplasmic distribution of wild-type PALB2-YFP and variants as indicated. (**d**) Immunofluorescence analysis of PALB2-YFP and RAD51 foci formation in cyclin A--positive HeLa cells after exposure to ionizing radiation (IR) (2 Gy). Cells were treated with PALB2 small interfering RNA (siRNA) cells to deplete endogenous PALB2. (**e**) Quantification of RAD51 foci in cyclin A--positive cells expressing PALB2-YFP WT and variants. Results are from three independent experiments.

Sensitivity to DNA damaging agents {#Sec18}
----------------------------------

HR defects have been associated with sensitivity to platinum agents and PARP inhibitors. Thus, the influence of the PALB2 mutants on response to cisplatin and the PARP inhibitor olaparib was evaluated. PALB2-deficient B400 cells expressing WT-PALB2 and the four variants were treated with a range of concentrations of cisplatin or olaparib and cell viability was measured after 5 days using a fluorescence resazurin-based assay. Cells reconstituted with WT-PALB2 showed substantially less sensitivity to olaparib than cells expressing p.A1025R and p.I944N (Fig. [4a](#Fig4){ref-type="fig"}). Similar results were observed for cisplatin treatment, although the difference in sensitivity was less pronounced (Fig. [4b](#Fig4){ref-type="fig"}). p.L24S, p.L1070P, and p.L35P were also associated with greater sensitivity to olaparib (Fig. [4c](#Fig4){ref-type="fig"}) and cisplatin (Fig. [4d](#Fig4){ref-type="fig"}) than WT-PALB2. Taken together, all of the selected mutants with HR defects exhibited greater sensitivity to DNA damaging agents than WT-PALB2.Fig. 4**Sensitivity to DNA damaging agents.** Survival of mouse mammary tumor B400 cells reconstituted with PALB2 wild-type (WT) and variants following exposure to varying doses of olaparib (**a**, **c**), and cisplatin (**b**, **d**).

DISCUSSION {#Sec19}
==========

In this study, we described the effects of PALB2 missense variants on DNA repair activity using a cell-based assay that measures HR activity. We showed that *Palb2* (and *Trp53*) deficient mouse mammary tumor B400 cells can be complemented with wild-type human PALB2 to rescue HDR repair and then utilized this approach to conduct a systematic screen of 84 missense variants in all regions of PALB2. We identified three missense variants (p.L24S, p.L1070P, and p.I944N), along with the previously reported p.L35P variant, that disrupted PALB2 HDR activity in B400 cells and verified these findings with a CRISPR-LMNA HDR assay in human U2OS cells and a RAD51 foci formation assay. In addition we used a series of cell-based and biochemical assays to show that each of the three variants disrupted HDR via a distinct mechanism. Specifically, p.L24S had reduced BRCA1 binding and protein complex formation, p.I944N had reduced protein stability and mislocalized to the cytoplasm, and L1070P had altered cellular localization. Finally, we showed that these three variants conferred increased sensitivity to cisplatin and olaparib.

The HDR assay yielded HDR scores of ≤1.7, which equates to 34% activity, for four missense variants and all truncating variants, other than Y1183X. As all four missense in this range had deleterious effects in several other assays, we chose 34% as a threshold for deleterious variants and HDR scores of 2.4 or 48% activity as a threshold for hypomorphic variants. However, clinically classified variants based on family and other data sources are needed as controls to validate these thresholds. Importantly, p.L337S, p.G998E, p.E672Q, and p.Q559R have minor allele frequencies in the gnomAD European non-Finnish population of 1.95%, 2.19%, 2.92%, and 8.88% respectively, suggesting that these variants are not associated with substantially increased risk of cancer. Of these, p.E672Q had the lowest HDR score of 4.4. Thus, hypomorphic variants with partial effects on HDR function in this assay, ranging from 1.7 to possibly as high as 4.4, may be associated with some increased risk of breast cancer. Further studies with the other functional assays reported here may also provide some further insight into the effects of these variants on PALB2 function and on thresholds for pathogenicity.

Coimmunoprecipitation assays showed that the p.I944N, p.L1070P, and p.L24S variants diminished the PALB2 interaction with BRCA1 and BRCA2 similarly to p.L35P, which has been reported to disrupt the interaction with BRCA1 and p.A1025R that disrupts the interaction with BRCA2.^[@CR15]^ Direct mammalian two-hybrid assays also suggested that all of these variants disrupted interactions between PALB2 N- and C-terminal domains and the BRCA1 and BRCA2 proteins.

The influence of the p.I944N variant on protein half-life may account in part for the impact of this variant on HDR activity. However, the impact of the increased stability of the p.L24S and p.L1070P variants on protein function is less clear. It is possible that increased stability of PALB2 due to these variants results in prolonged retention of PALB2 at sites of DNA damage and stalled replication forks, delayed clearance of DNA repair intermediates, and subsequent defects in HR repair. While interesting from a mechanistic perspective, studies focused on understanding the possible impact of increased stability on PALB2 activity and HR repair are beyond the scope of this study. Mislocalization of PALB2 is likely to have a direct effect on HR repair. Both the p.I944N and p.L1070P variants cause retention of PALB2 in the cytoplasm, reduced recruitment of PALB2 to laser-induced sites of DNA damage in the nucleus, and reduced formation of DNA damage-induced RAD51 foci. Interestingly, each of the PALB2 variants failed to rescue sensitivity to olaparib and cisplatin in *Palb2*- and *Trp53*-deficient mouse tumor cells. Thus, at least for this small set of PALB2 variants, defective HR repair is consistent with cisplatin and PARP inhibitor sensitivity. This finding suggests that human tumors containing these variants may also exhibit hypersensitivity to these agents.

Clinical genetic testing has identified a large number of PALB2 missense variants of uncertain clinical significance, many of which are listed in the ClinVar database. These VUS create significant uncertainty for patients in terms of risks of developing breast and other cancers. No methods currently exist for classifying the clinical relevance of VUS in PALB2. While the functional assays reported here provide strong evidence that these variants disrupt PALB2 function and cellular HR responses to DNA damage, these assays have not been validated relative to known pathogenic and nonpathogenic missense variants, and the sensitivity and specificity of each assay are not known. Thus, it is not certain that the p.L24S, p.I944N, and p.L1070P missense variants confer increased risks of breast and other cancers. Furthermore, the functional assays are based on expression of PALB2 cDNAs and do not account for the possibility that variants may alter PALB2 splicing leading to altered proteins and/or modified expression levels. As such, the results of the functional assays should be used with caution when attempting to interpret the pathogenicity of these variants. However, functional assays have been used for characterization of BRCA1 and BRCA2 missense variants. Because of the availability of substantial numbers of BRCA1 and BRCA2 variants that have been defined as nonpathogenic or pathogenic using family studies, it has been possible to calibrate these assays to cancer risk, define the sensitivity and specificity of the assays, and to classify large numbers of variants.^[@CR20],[@CR26],[@CR27]^ Perhaps as more family-based data are collected and variant classification guidelines proposed by the American College of Medical Genetics and Genomics (ACMG)^[@CR28]^ are applied, it will be possible to establish nonpathogenic and pathogenic standards and to use functional assays in combination with other data sources to establish the clinical significance of PALB2 VUS. While in silico prediction models such as VEST3, M-CAP, and REVEL represent one such source of data, the poor concordance between the HDR activity scores and the VEST3, M-CAP, and REVEL predictions resulting in low specificity for deleterious variants suggest that sequence-based in silico prediction may not be a useful method for variant assessment.

In summary, we report on the identification of three new PALB2 missense variants that are deficient in HR activity. It remains to be determined whether HDR deficiency as measured by in vitro assays and hypersensitivity to DNA damaging therapeutic agents is predictive of the clinical significance and cancer risks associated with germline versions of these variants. Models linking functional activity to clinical disease will be developed in the future as more functionally defective variants in PALB2 and additional family-based data showing segregation of variants with cancer are identified.
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